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Abstract

(Shy 70Ten 3010051k alloys (with x = 0, 2.5, 5.0 and 7.5 molar %) h&esn synthesized
and characterized in order to determine the cihystalstructure and properties of
materials obtained upon solidification and to eottiaformation about the location of
the Sn atom in the Sb-Te matrix. Powder X-ray ddfron (XRD) has been used to
determine the crystalline structure, whereas Massbapectroscopy has been utilized
to determine the localization and the local strietf the Sn atom in the Sb-Te matrix
through the hyperfine interactions of th&Sn probe with its environment. We found
that ShoTes crystallizes in a trigonal structure belonging®@m1 space group, while
the doping with Sn leads to structural distortiohghe unit cell that can be described,
for all the Sn concentrations, with tl@&2/m space group. The hyperfine parameters
indicate that tin behaves as Snéhd has a slightly distorted environment. Finalty,
order toextract all the information that the experimengaults contaimand to determine
the preferential site occupied by the Sn impuritiesthe Sb-Te matrix, we have
performed ab-initio calculations within the framework of the Densityn€tional



Theory. The theoretical results enable us to determinesthgctural and electronic
ground state of (Sholen 301005k compounds and to confirm that Sn atoms substitute
Sb atoms in the Sb-Te host.

Keywords: Chalcogenide alloys, Crystalline structuté'Sn Méssbauer spectroscopy,
DFT

1. Introduction

Chalcogenide glasses are amorphous solids that dtealeogen atoms (S, Se, or Te)
among their components. They are excellent canebdat be used as sensitive material
in phase change memories (PCM). New suitable nadgdor PCM have been identified
in the past years [1-6], being Ge-Sb-Te the maslistl system where the ¢y Tes
alloy stands out. PCM alloys obtained as thin filextibit fast and reversible phase
transformations (switching) between crystalline antbrphous states with very distinct
optical and electric properties [7,8]. The amorph@hase is characterized by a high

electrical resistivity and the crystalline phasealapiuch lower resistivity.

The introduction of metallic impurity atoms suchasminum, cooper, silver or tin in
the chalcogenide glasses can improve the perforenahdche PCM memories. For
example, the addition of tin into &y Tes increases the speed of phase transformation,
that is, the change of the electrical conductiviaty,influencing the switching voltages
[9]. A necessary step to design materials withdogitoperties for their applications is to
study and know the structure of different alloyslu#se systemasnd determine the role
played by the impurities on the properties of thefesys [10,11].

On the other hand, the search for new compositiwitk, improved properties, respect
to those currently existing, is still under contias development. Some of the most
outstanding systems for PCM are {88)n(Sky), structuresconsisting of Sp and
ShyTes-type slabs stacked along [001] direction. Depegdin the total number of slabs
(and relative to each other), structures wWif8m (ShTe, SbTe) orR-3m (ShTes,
ShkyTes, ShyTes) space group are usually formed [12,13].

One of the challenges for structural characteopatof such materials is the
neighborhood of Sn, Sb and Te in the periodic tablthe elements, implying similar
electron affinity counts. That is a problem for eentional x-ray diffraction (XRD). For
instance, in order to resolve the site occupatior@ssingle-crystal Sngbe,, Oeckleret

al.[14] appealed to a resonant x-ray diffraction gssgnchrotron radiation. In our case,



Sn Méssbauer spectroscopy and ab-initio calculatinorthe framework of the Density

Functional Theory were appealed to understandxpereanental results.

In this work, alloys of eutectic $§Te3, composition, doped with Sn up to a 7.5 molar %
are analyzed. Our goal is to characterize the tstrecof the un-doped and doped
samples, with emphasis on the Sn location using XR&ssbauer spectroscopy aaial
initio calculations. That should help us to understandr Ithe role of tin in the
mechanisms of the electrical conduction behavioth& thin films grown using these

materials.

2. Methodology

2.1 Experimental

Samples with compositions ($RT€p.30 1009 (with x = 0.0, 2.5, 5.0 and 7.5 molar %)
were synthesized from liquid mixtures of elemergl, Te and Sn (99.99% purity).
Stoichiometric proportions of the reactants weradbd into 10 mm diameter quartz
tubes. The loaded tubes were evacuated to 3riiBar and sealed. The batches were
heated in a furnace at 800 °C for 8 h. Melts wdoavly cooled down to room
temperature inside the ampoules. Bulk samples]esiabair and with a greyish and
shiny appearance, were obtained. Their compositiere confirmed byEnergy

Dispersive X-Ray Analysis.

Powdered bulk samples were obtained and analyzembtwyentional X-ray diffraction
in Bragg-Brentano geometry in order to refine ttmrac structure by Rietveld method.
A SmartLab Rigakuo—0O diffractometer with monochromatized Cuy-lKadiation was
used measuring at every 0.05° step and sweepirg avil.16° per minute velocity.

Rietveld refinements were carried out with Powdiared FullProf programs.

The ternary samples were analyzed by Mdssbauetrepegpy, at room temperature,
using the 23.875 ke\tradiation from a C&°"SnQ; source with transmission geometry.
In all the samples, the isomer shift is reportelitiee to CaSn@ at 300 K.The
calibration was carried out employing th&e 14.4 keWk-radiation from a'Co(Rh)

source with sodium nitroprusside as absorber.
2.2 Computational Details

In order to study the structural and electronicugib state of (SroT€n.30)100-Mk

compounds and the preferential site occupied bthefSn impurity atoms, we have



performedab-initio calculations within the framework of the DensitynEtional Theory
(DFT) [15], where the exchange-correlation part wigscribed using the Perderw-
Burke-Ernzerhof (PBE) parametrization of the Gelimed Gradient Approximation
(GGA) [16]. Self-consistent Kohn-Sham equationsehbgen solved using two different
methods: i) Pseudopotentials and plane wave metR®PW), implemented in the
Quantum Espresso code [17], for the optimizatiotheflattice parameters and atomic
positions using variable-cell relax calculationsgthwthe convergence criteria that the
force over each ion was below 0.025 eV/A. We haseduProjected Augmented Wave
(PAW) pseudopotentials from the Standard SolideSRgeudopotentials (SSSP) library
[18] to describe the ionic cores, where the kinenergy cutoff for the wave function
and charge density were 80Ry and 800Ry, respegtiuklFull Potential Linearized
Augmented Plane-Wave method (FP-LAPW), implemertethe Wien2k code [19],
has been used to determinate the hyperfine paresnetech as the isomer shift (IS),
electric field gradient (EFG) and quadrupole sipigt(QS) [20], for the Sn atoms at the
structural equilibrium predicted by PP-PW. The nmitin radii for the Te, Sn and Sb
were 1.05, 0.95 and 0.95 A, respectively. The cayerce parametenR.Kma Was set
to 8.0, where Ry is the smallest muffin-tin and Ky is related with the plane wave cut-
off.

Based upon experiments, we described the crystaitste of ShyTeso. With the aim of
studying a possible structural phase transitionueéed by Sn-doping, we have
considered two different crystal structures to déscthe compound. One structure can
be described by space gro&p3ml and the other one with space groGg/m (a
subgroup ofP-3mJ. Both structures are shown in Figure 1. In bakes, there are
three different crystallographic sites for Sb ato®bl, Sb2 and Sb3) and two
crystallographic sites for Te atoms (Tel and T&2. have analyzed the preferential
substitutional site of the Sn atom by using différeize supercells for each crystal

structure.



Te2
Sbi (Sn)
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Figure 1: Crystalline structure of pbeso with space group-smi(left) andCyn, (right)

3. Results and discussion



3.1 X-ray results and the Rietveld refinement
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Figure 2: XRD patterns of a) all the samplesy(@bey 30100 (With x = 0.0, 2.5, 5.0
and 7.5 molar %) b), (110) Bragg peak of&bso which splits into (020) and (310) of



the monoclinic phase of doped samples. Notice ttnatpeak does not only broaden
because of the splitting but also shifts towardgeloangles as described in the text.

Figure 2a shows XRD patterns of the differenty(@bey 301005 (with x =0, 2.5, 5.0
and 7. 5 molar %) samples. The gradual doping ®f3hTesp alloy with Sn causes a
shift of the positions of some peaks. TBOIJ-type peaks shift towards higher angles.
For instance, theD04) peak, located nearly at 20° in/gkes, is shifted progressively to
higher angles with increasing Sn content (Figure acontrast, Itk0)-type peaks shift
progressively to lower angles with increasing Smtent, the (110) Bragg peak of
ShyoTeso, positioned close to 42°, is not only shifted dwér angles (Figure 2lut it
also broadens because of splitting into the (020@) 10) peaks of the monoclinic
phase of the doped samples. These are evidendes structural distortions introduced
in the unit cell. Moreover, since the shifts arerenpronounced when Sn concentration

becomes higher, we can infer that the distortiatobees larger with the increase of x.

Figure 3 shows the XRD experimental pattern ofoBly powders and its Rietveld
refinement. Two important results can be mentiorfegte. On one hand, the
stoichiometry is close to $be, which was described with-3m1 spacial group [21],
but on the other hand, the stoichiometry of outesysis also close to $e;s whose
structure was successfully fitted R3m space group by Kifunet d. [12]. We used
these two structures as model for attempting tardes the crystal structure of our
system. We found that the Rietveld refinement giheslowest R-values and residuals
for the trigonal structure described by space grBtgml The refinement shown in
Figure 3 was carried out using this structure. &hare two unfitted small peaks
(marked with asterisk), probably due to the presasfcspurious phases or impurity. For
the Rietveld refinement, the background was fitteith a Chebyshev polynomial
function of first kind with eight coefficients, thgeak profiles were modelled with a
pseudo-\Voigt function, and the occupancy was camstd to 122]. Finally, the atomic
positions, atomic displacement factors and unit-parameters were refined starting
from the values reported in ref. [21]. Notice tloaly four atomic coordinates are not
fixed by symmetry, which facilitates their refinenmte The refinements of unit-cell
parameters are shown in Table | together with thealBes. In Table Il we give the
complete structural information. Notice that thetamied occupation for the two

possible positions of Te is 0.857. This partial wation is consistent with the



stoichiometry of our sample in which only 30% o ttoms are Te and it is not 33.33%

as in ShTe.
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Figure 3: XRD experimental pattern and its corresiiog Rietveld refinement for
ShyoTeso
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Figure 4. XRD experimental patterns with the cquoesling Rietveld refinements of
ShyoTesp doped with 2.5 a), 5.0 b) and 7.5 ¢) molar % af Sn

Figure 4 shows XRD experimental patterns of all th@ped samples with the
corresponding Rietveld refinements performed usnagoclinicC2/m space group. We
decided to use this space group after finding th@tXRD patterns cannot be properly
indexed using the trigonal space group ofoB,. Based upon the changes induced by
Sn doping in the XRD patterns in comparison witl XRD pattern of SlaTe;pwe have
considered that the crystal structure of the dogmdples could be a distortion of the
structure of SiyTesp which could be obtained by group-subgroup relati¢p23].
Following this strategy, we found that a monocliargstal structure described by space
group C2/m, which is a distortion of the trigon®&-3m1 structure, can index all the
observed Bragg peaks. Notice that in this struatoteonly the symmetry is reduced but
also the unit-cell is doubled. In this case, foe tefinements, we followed the same
procedure as for S§lesp but building the initial model using the group-gutup
transformation tool of PowderCell. Regarding the &oms, we assumed that Sn
substitutes Sb as indicated (see onwards) by odr dfculations. In particular, it was
found that Sn substitutes Sb1 atoms only. In tfieements for the doped samples, the
atomic positions have not been refined, being fitkethose obtained from the group-



subgroup transformation. They are given in Table@n the other hand, background
and peak profiles were treated in the same wayith#re un-doped sample. The results
of the refinements of the unit-cell parameters sdirewn in Table I. The results of the
refinements are shown in Table IIl. The low R-valaad the quality of the fits shown
in Figure 4 (plus, as we will see, the agreemettt BFT calculations) indicates that the
proposed crystal structure is a plausible modeSioidoped SfaTeso. In Table | one can
see that the obtained results are consistent viéh model proposed. When Sn
concentration is increasing, the angle R is alspeasing and, in consequence, the
degree of the cell distortion is enhanced. Thisldobe an indication of the
incorporation of Sn into the unit cell. Besideat we noticed a gradual decrease of
the unit-cell volume with the incorporation of Srom 279.9 & in ShTes to 279.7 &

in the sample with x = 2.5, to 279.3 i the sample with x = 5.0, and to 278.3 ik
the sample with x = 7.5 (For comparison the volushg¢he monoclinic structure is
normalized dividing by 2). This can be related e increase of the tilting of the
polyhedral units in the monoclinic structure, whadm help to reduce the empty space

and consequently the unit-cell volume.

Table I. Results of Rietveld refinements and R-values fimgles with different Sn
concentration (x in molar %). Lattice parameteesgiven in A and angles in degrees.

X Space Group Sp:i?ﬂi':rw a b c a B y Rp Rwp
0.0 P-3m1 164 4.2832(5)|4.2832(5) | 17.618(2) | 90 90 120 |2.71% |3.17%
2.5 C2/m 12 7.4201(8) | 4.2881(5) | 17.581(2)| 90 | 90.08 (1) | 90 |2.87% |3.27%
5.0 C2/m 12 7.4234(8)|4.2974(5)|17.509(2) | 90 | 90.11(1) | 90 |2.75% |3.23%
7.5 C2/m 12 7.4276(8) | 4.3076(5)|17.414(2)| 90 | 90.14(1) | 90 |2.91% |3.35%
Table II. Atomic positions and their occupation in the un-egample.
Site | X y z Occ.

Tel | 1a | 0.000Q 0.0000{ 0.0000 0.857(3

Te2 | 2d | 0.3333] 0.6666| 0.2097(5)| 0.857(3)

Sbl|2d | 0.3333] 0.6666| 0.8865(5)| 1.000(3)




Sb2] 2d | 0.3333] 0.6666] 0.5663(5)| 1.000(3)
Sb3|2c | 0.0000 0.0000| 0.3469(5)| 1.000(3)

Table Ill. Atomic positions used for all the doped samplesyThave been obtained
using group-subgroup relationships from those oé ttn-doped sample. Their
occupations are also reported.

Site X y z Occ.
Tel | 2a | 0.000Q 0.0000| 0.0000| 0.857
Te2 | 4i | 0.6667 0.0000| 0.7903| 0.857
Sbl|4i | 0.6667| 0.0000| 0.1135| 0.925
Snl| 4i 0.6667| 0.0000| 0.1135| 0.075
Sb2 | 4i 0.6667| 0.0000| 0.4337| 1

Sb3|4i | 1.0000/ 0.0000| 0.3469| 1

3.2 Mossbauer results

In order to better understand the position of Syimain the structure of Sleso, we
appealed td'%Sn Méssbauer spectroscopy technique. This tecangadequate for the
study of the local environment of Sn atom in Snesehmple compounds because
of the Sn isotopes:®Sn, is one of the best-suited probes for Méssbaxperiments.
The local environment of tin is usually expressgadreans of the hyperfine interactions

that the atom probe reveals in a solid matrix.
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Figure 5:"°Sn Méssbauer spectra of samplesy(8eo 30100-SM. Void circles are the
experimental data, red line is the fitting curvéudBdashed line aims to guide the eye.

Figure 5 presents the MOssbauer spectra of atldtped samples that apparently consist
of a single peak or, alternatively, a non-resoldedblet. As it can be seen, the spectra
are qualitatively very similar meaning that the meontribution to all of them may be
the same no matter the Sn concentration is. Weuated different models in order to fit
the experimental data: i) assuming a single Snrenmient with high symmetry; ii)
assuming a single Sn environment that, due tolkadasymmetry, presents an electric

field gradient (EFG) at the Sn nuclear site.

In the first case a single peak is proposed thaesponds to the resonant absorption of
the y-ray, emitted by the C&"SnQ; source, by**Sn nucleus located in identical high
symmetry environments in the samples. The positibthis peak is generally shifted
from the zero point of the velocity axis and thhiftsis known as isomer shiftd)

relative to the source. The isomer shift can beesged [24, 20] as

§ = alpa(0) — ps(0)] €y



wherep, (0) andp,(0) are the electron charge density at the nucleatigosn two
different compounds, the former corresponds toatbsorber material and the latter to

the source.

In the second model, a doublet is proposed thaesponds to the resonant absorption
of they-ray emitted by the source to excite #i&n nucleus from its ground state (I =
1/2), where | is its nuclear spin, to any of both exdistates (I = 3/2 with, F £3/
2,+1/2). Two absorption peaks are expected for this modhethvseparation is known

as quadrupole splitting\f and can be expressed [24,20] as

A= — 14— (2)

1
_ eQnVzz l h? /2
3

where,e is the electron chargQy =12.8+0.7 barn is the quadrupole moment of the 24
keV-excited nuclear stat®/,, is the major component of the diagonalized EFGdens

related with the EFG tensor, ahd= |@| is the asymmetry parameterV/Vy,
zZZ

are the other two diagonal component of the EFGaewith the convention |y >
IVyyl = [Vial-

The EFG is related to the asymmetry of the chargesity in the sub-nanoscopic
vicinity of the *%Sn probe. The presence of EFG at the probe siteflscted by a
doublet centered in the isomer shift correspondmmghis interaction. The hyperfine
parameters obtained from these fitting models dre isomer shift & that is
proportional top, (0), that gives information of the oxidation staf Sn in the sample,

and the quadrupole splittind), that is proportional to the EFG at Sn nucleus.

Models i) and ii) describe essentially well the esimental data. The isomer shilt,
extracted from these models, close to 3.4 mm/sivelto the source, is independent of
the tin concentration (within the experimental exronambiguously indicating that tin
atom in all the samples under study is Sn(ll) [26is interesting to note that Sn(ll) in
SnTe phase has an isomer shift about 3.5 mm/s,eabein SnSfie;, has ad =
3.37mml/s [26,27] both of them very close to theugabf6 measured in our samples.
Meanwhile Sn(0) in SnSb has & 2.65 mm/s [27,28].



The quadrupole splitting extracted from the fitsngith model ii) is relatively low, just
2/5 of the Sn natural linewidth” = 0.626 mm/s), that i\ = 0.2-0.3 mm/s. Moreover,

the reliability parameters obtained for both figfimethods are in the range 0.94-1.02.

Consequently, Sn atom should be situated in avgitese local environment can be
thought as one with relatively low degree of distor. Accordingly, we choose to
present, in Figure 5, fittings with a single pe&ke fitting parameters are reported in
Table IV.

Table IV. The results of Mdssbauer fittings: isomer shi), (linewidth (7) and
reliability parameter (R).

Sn concentration | & (mm/s) | F(mm/s)| R
molar % +0.005 +0.01
x=2.5 3.406 0.93 0.94
x=5.0 3.430 1.03 1.00
x=7.5 3.429 1.02 0.96

Sinced values depend on bonding lengths (that dependts tarn, on electron density
pv(0) at the nucleus of tin), and result nearly canstit could be interpreted that Sn-to-
nearest neighbor bond lengths do not depend o8rhmncentration. It is interesting to
note that either in SnTe or in Sn$&,, Sn is octahedrally coordinated by 6 Te atoms
being the bonding distances 3.16 A and 3.09 A wamdy. Comparing the value &

in our system with the ones mentioned for SnTe Gn8bTe, species, we suggest that
Sn atom substitutes for Sb in antimony telluriderenspecifically, in Sb-Te layer, that

is occupying the site of Sb1 atom (see figure 1).

Taking into account that with the simplest modehdket) the spectra are fitted
satisfactorily and that either in SnTe or in Ssi®h Sn-Te bonds mainly have equal
lengths contrary to Sb-Te bonds, we assume thaitntlly be the case for our samples.
That is, doping SlaTeso with Sn, the environment of Sb1 changes to thergxhat it is
replaced by Sn. This model, besides that, resutiede highly compatible with the

results provided by ab-initio calculations.



3.3 Ab-initio calculations results
In order to find the preferential substitutionatesiof the Sn atom in the &lie;
compound withP-3m1crystal structure, we have replaced either a $,(Sb2 or Sb3)

or Te (Tel or Te2) atom by a Sn one and calculdedubstitutional energyp] by:
@ = E(X- ShoTes) — E(ShoTeso) — E(Sn) + E(X) (3)

Here E(X-ShoTesg) is the total energy when Sn replaces a X=Sb orai@n,
E(ShoTesg) is the total energy of bulk &fTesq; E(Sn) and E(X) are the total energy per
atom of the metallic Sn and X, respectively. Frafle V it can be concluded that Sn

atom prefers to replace Sbl atom, while the othseg are unfavorable energetically.

Table V. Substitutional energy when Sn replaces a Sb §&m-> Sb) or Te one (Sp
Te)

Sn— Sb:® (meV) Sn— Te: ® (meV)
Sbl -133.32 Tel 925.19
Sh2 413.78 Te2 645.46
Sb3 400.15

In order to perform studies as a function of thec®ncentrationx) in the ShoTes
compound, we have used different supercell siaesh) as 4x3bx1c, 3ax2bx1c and
2ax2bx1c, for the case of thB-3mlcrystal structurel-or these supercells we obtained
2.78, 5.56 and 8.33 molar % Sn concentrations.tik®rcase of the crystal structure
C2/m we have used supercell a>@bx3c, lax1bx3c, and hx1bx2c to get the same
values ofx, respectively. Based on the results of the Tablenly the case of Sn atom

replacing for Sb1 has been considered.

We have performed variable-cell relax calculatiomisere the lattice parameters, angles
and atomic positions were optimized simultaneousttil that interatomic forces and
internal pressure were less than 0.025 eV/A andkiat, respectively. In this scheme,
we have started from the hexagonal crystal stradds8mland after the variable-cell

calculation, this converted to monoclinic crystalsture C2/m labeled a$-3ml1—



C2/m.In Table VI, we report the lattice parameters af simulation models of Sbreso

doped with different concentrations of 8, for the caseR-3m1— C2/m

Table VI. The lattice parameters of the simulation for¢hsed-3m1— C2/m For the
case x=0, th&-3mlis represented witG2/mspace-group.

Snmolar% | al(A) b (A) c(A) al® | B() | v(°

x=0 7.6188 | 4.3987 | 17.4711 | 90.00 | 90.00 | 90.00

x=2.78 |7.7020 | 4.3847 | 17.3470 | 90.00 | 90.166 | 90.00

x=556 | 7.5754 | 4.3705 | 17.8493 | 90.00 | 90.179 | 90.00

x=8.33 |7.5670 | 4.3688 | 17.8534 | 90.00 | 90.181 | 90.00

As it can be concluded from the comparison of tkpeemental and theoretical
structural results (see Table | and Table VI), weeha reasonable qualitative agreement.
The differences in the unit-cell parameter are appnately 1% and about 4 % in the

unit-cell volume. This is typical of DFT calculatis [29,30].

Based on the FP-LAPW method, we have calculatedhyperfine parameters, such as,
the isomer shiftd) and the quadrupole splitting\X of the Sn atoms at the predicted
equilibrium structures for the different values»fThe value ob was determined by
the theoretical expression (1), whereas the vallieA ovas calculated from the
expression (2). In table VII, we report both IS ap8 values of the Sn probe for the

different concentrations.

Table VII . Hyperfine parameters froab-initio calculations.

Molar % | & (mm/s) | A (mm/s)

x=2.78|3.26 0.12
x=5.6 3.30 0.03
x=8.3 3.30 0.01

The  values for all structures are in a good agreemdtht the experimental data with

an averaged value of 3.30 mm/s, showing the sanuetey with the addition of tin.



The extremely low QS values are in line with th@erkmental model chosen (singlet)

predicting an absent of QS for a Sn substitutimgslel atom.

4. Conclusions

The Rietveld refinements of the experimental XRXgras show that the addition of
Sn to ShoTesp structure slightly distorts its crystal latticeaténg to the change of the
symmetry fromP-3m1l to C2/m space-group, in a good agreement waih initio
calculations. The increase of tin content in thethmoatrix leads to a higher degree of
the distortion of the lattice. On the other harfig experimental Mossbauer results
reveal Sn(ll) in the SigTeso structure for all the concentration range explosed an
environment of a high symmetry around the atom @robhese Méssbauer results agree
with previous works for the Sn-Te bond in SnTe &@wiShTe, alloys. Ab initio
calculations predict that Sn replaces a Sb1l atefoldécoordinated at nearly equal bond
lengths that those of &fiesp. These simulations agree with structural resuttsioed
by Rietveld showing a greater degree of distor{emmglep) when Sn content increases.
The calculated hyperfine parameters of Sn iRyBh, at the site of Sbl are in a very
good accordance with the parameters extracted filmenexperimental data giving
additional support to our conclusions.
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Sn atoms in Sn—doped gbe;yp structure replace one of Sb sites
That leads to distortion of the crystal latticeuléag in a change of space group
From P-3m1 for un-doped to C2/m for Sn-doped sasnple

For higher Sn concentration, higher is the degfdkeolattice distortion



